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Abstract — The electric properties of interface-engineered 
junctions with YbBa 2 Cu 3 07 as the counter-electrode were 
investigated. The junctions exhibited excellent Josephson charac- 
teristics with the critical current density (J c ) ranging from 10 2 
A/cm 2 to more than 10 6 A/cm 2 , and the normal resistance (R„) 
ranging from 10~ 6 Hem 2 to 10~ 9 ftcm 2 . The Rn values varied 
approximately in accordance with J^ p , where p was close to 
0.25 for low- J c junctions and increased gradually up to 0.75 for 
high- J c junctions. The junctions with Rn exceeding 10~ 7 ficm 3 
exhibited dl/dV profiles peculiar to tunneling processes via 
localized states. The dl/dV profiles of the junctions with lower 
Rn were characterized by reproducible fine structures below 

15 mV, probably due to multiple Andreev reflections. These results 
indicate that the crossover from the tunneling regime to metallic 
weak-links takes place in these junctions depending on the process 
conditions. 

Index Terms — Andreev reflection, interface-engineered junc- 
tion, Josephson junction, tunneling. 

I. Introduction 

I NTERFACE-ENGINEERED junctions (IEJ's) are regarded 
as the most promising candidates for high-T c digital circuit 
applications as they are superior to other high-T c Josephson 
junctions in terms of uniformity and reproducibility [IJ-P]' 
However, the electrical properties of IEJ's are sensitive to the 
substrate temperature for the counter-electrode deposition, 
and the I c value appropriate for single flux quantum (SFQ) 
circuits can be obtained only in a low substrate temperature 
range. This temperature range sometimes conflicts with the 
requirement for the complete c-axis orientated growth of the 
counter-electrode layer with minimum sheet inductance L 3y 
especially when sputter-deposited YBa2Cu307 (YBCO) is 
utilized as the counter electrode. 

Recently, we reported that this trade-off between I c and L s 
could be solved by adopting YbBa2Cu3C>7 (YbBCO) as the 
counter-electrode, because it can grow with complete c-axis ori- 
entation in a far wider temperature range than is possible with 
other 123 compounds [3], Those junctions with a completely 
c-axis-oriented YbBCO counter electrode exhibited excellent 
Josephson characteristics with the 1 cr-spread in I c of 5.4% for 

16 junctions with an average I c of around 1 mA at 4.2 K. 
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In spite of such progress in the fabrication technology, nei- 
ther the structure of the barrier nor the current transport mech- 
anism in IEJ's is well understood. Reliable experimental data 
on the current transport in IEJ's is highly desired not only for 
promoting the understanding of the junction physics but also to 
find a way to further reduce the lcr-spreads in I c values. 

II. Fabrication Process 

IEJ's with YbBCO as the counter-electrode were fabricated 
on ramp-edges formed in 200-nm thick YBCO base-electrode 
layers. An epitaxial SrTi03, Ce02, or SrSn03 film was used 
for the interlayer isolation. We have not observed any signifi- 
cant difference injunction characteristics among junctions with 
different isolation layers. All the films used in the present work 
were grown on SrTi03 (100) substrates using an off-axis sput- 
tering system. 

Ramp-edge structures were produced using a photoresist 
mask reflowed after patterning, together with Ar-ion milling 
with substrate rotation during etching. The resultant ramp edges 
had a taper of 20 degrees independent of the edge orientation 
in a wafer. After etching, the samples were heated to the 
temperature for the subsequent layer deposition and maintained 
at that temperature for 10 minutes. An activated oxygen flux 
from an ECR plasma source was supplied during this annealing 
process. Then, a 300-nm thick YbBCO layer was deposited 
and the counter-electrode pattern was formed after covering the 
wafer surface with a 1-^m thick Au film. The junction width 
was fixed at 4 throughout the present work. 

Empirically, we know that the junction characteristics are 
sensitive to the substrate temperature for the counter-electrode 
deposition and the power supplied to the ECR plasma source 
during the annealing process. Other factors that have significant 
influence on the junction characteristics are the acceleration 
voltage and the incident angle of the Ar-ion beam utilized for 
the fabrication of the ramp-edge structure. By varying these 
process parameters, we have obtained IEJ's with a Josephson 
critical current density (J c ) ranging from 10 2 to 10 6 A/cm 2 . 
From among the large number of junctions, only those ex- 
hibiting excellent Josephson characteristics with a magnetic 
field modulation of I c exceeding 75% at 4.2 K were selected 
for detailed investigation. 

III. Junction Characteristics 

Fig. 1 depicts an example of the current-voltage (I-V) char- 
acteristics observed at 4.2 K for an IEJ with a critical current 
density amounting to 4.5 x 10 5 A/cm 2 . The pale line represents 
the I-V curve in a magnetic field of 7.4 x 10 3 A/m applied par- 
allel to the junction interface. It is apparent that the I-V charac- 
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Fig. 1 . Current-voltage characteristics observed at 4.2 K for an IEJ with a J c of 
4.5 x 10* A/cm 2 with and without an applied magnetic field which minimizes 
the zero-voltage current The broken line represents simple ohmic behavior for 
reference. 
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Fig. 2. Magnetic modulation of J c observed for IEJ's with various Josephson 
critical currents. The crossover from small junction behavior to large junction 
behavior is seen between I e =0.5 mA and 1 mA. 



teristics contain a large amount of excess current (I ex c) at high 
voltages. The excess current grows rapidly within an approxi- 
mate voltage range of less than 5 mV, being accompanied by 
a weak bump-like structure within this voltage range. We also 
found that I eX c/h varied approximately in proportion to I c for 
junctions with I c exceeding 0.5 mA, and amounted to 30% for 
a junction with I c ~ 7 mA. Such behavior seems to be con- 
sistent with the observation by Sydow et al for their ozone-an- 
nealed IEJ's [4]. All these experimental results indicate that the 
excess current is not entirely due to the flux-flow behavior of 
the accidental microshorts in the junction but has close relation 
to Josephson characteristics. 

Fig. 2 shows the magnetic field dependences of I c observed 
at 4.2 K. The magnetic field modulation of I c is almost 100% 
for low-J c junctions, and is more than 80% even for a junction 
with I c far exceeding 1 mA. In Fig. 2, we can see the crossover 




Fig. 3. Correlation between R n and J c observed for IEJ's processed under 
various conditions. R n varies approximately in accordance with / e *~ p with p 
ranging from 0.25 to 0.75 depending on J c . Variation in R n with a factor of 
3-4 is seen for junctions with similar I c values in the high /* region. 
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Fig. 4. Normalized I c versus temperature characteristics for several junctions 
with different I c values. The temperature dependence can be classified into two 
groups with an J c at 4.2 K of 2-3 mA as the borderline. 



from a small junction behavior to a large junction one by in- 
creasing the I c value. The crossover takes place at I c between 
0.5 mA and 1 mA, which seems to be consistent with the London 
penetration depth of around 0.2 /zm in high-T c superconductors 
at 4.2 K. 

Fig. 3 displays the correlation between the junction resistance 
(Rn) and I c obtained for junctions on various wafers processed 
under various conditions. We defined the Rn value as the differ- 
ential resistance within a current level of two to three times J c . 
It can be seen that Rn varies approximately in accordance with 
I~ p y where p is close to 0.25 for junctions with an extremely 
small I c value and is about 0.75 for junctions with I c > 1 mA. 

Another interesting point we can see in Fig. 3 is the large vari- 
ation in Rn for junctions with similar I c in the high I c region. If 
we look at the junctions with I c of 1 mA, we notice that the Rn 
value ranges from 1.3 to 5 fi. Such variation in Rn is certainly 
beyond any experimental error, and suggests that the critical fac- 
tors that influence I c and Rn are not completely identical. 

Fig. 4 shows the temperature dependences of I c observed for 
several junctions with different I c and Rn values. We found that 
the I c versus temperature characteristics of our junctions could 
be classified into two groups with an I c of 2-3 mA at 4.2 K as 
the borderline. Junctions with I c smaller than 2 mA are charac- 
terized by their (1 - T/T c ) 2 dependence near T c , as shown by 
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Fig. 5. Differential conductance versus Voltage characteristics at 4.2 K 
observed for an IEJ with h of 0.03 mA and R n of 40 fi at 4.2 K. The dotted 
line represents V 4 ' 3 dependence for reference. 



group A. On the other hand, junctions with an I c exceeding 3 
mA exhibited nearly (1 - T/T c ) 3 / 2 dependence (group B). It is 
known that Josephson junctions with thin normal conducting or 
reduced-T c layers on both sides of a rigid interface barrier with 
low transparency exhibit (1 - T/T c ) 2 dependence, and this de- 
pendence changes to (1 -T/T c ) 3/2 when the normal conducting 
layer on one side of the interface disappears [5]. Such a picture 
seems to be consistent with our experimental data. 

Fig. 5 shows the differential conductance versus voltage 
(dl/dV - V) characteristics observed for an IEJ with an I c 
of 0.03 mA and an Rn of 40 ft at 4.2 K. The dl/dV profile 
can be characterized by a slightly nonlinear increase in the 
conductance at high voltages, and a symmetrical dip structure 
around zero voltage. We found that the nonlinear behavior at 
high voltages was essentially independent of temperature, and 
fit well by f 4/3 , as shown by the dotted line in the figure. 
This indicates that inelastic tunneling via two localized states 
in the barrier plays a part in the quasiparticle transport at 
high voltages [6]. IEJ's with Rn far exceeding 10 ft exhibited 
similar characteristics. Thus, it seems reasonable to think that 
IEJ's with a high normal resistance have an insulator barrier 
with a high density of localized states in it. 

It is well recognized that, in tunnel junctions with a bar- 
rier containing localized states, resonant tunneling through the 
localized states often dominates the quasiparticle transport at 
low voltages, while Cooper pairs can transfer only by direct 
tunneling [7]. The existence of different transport channels for 
quasiparticles and Cooper pairs manifests itself in the different 
tunnel barrier thickness dependences of I c and Rn , resulting in a 
peculiar relationship between I c and Rn as Rn is proportional to 
J~ p with p of less than 1 . In the case where the quasiparticle cur- 
rent is dominated entirely by resonant tunneling, p is 0.5. This 
value becomes smaller when a contribution from inelastic pro- 
cesses via more than two localized states becomes noticeable. 
Generally, inelastic tunneling via n localized states is known to 
give p = (n + l)" 1 , and the relative importance of inelastic 
processes increases as the tunnel barrier thickness increases [6]. 
Thus, we can expect a gradual decrease in p with an increase in 
the junction resistance. This is exactly what we saw in Fig. 3 for 
our IEJ's with Rn far larger than 10 ft. 
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Fig. 6. Differential conductance versus voltage characteristics observed for an 
IEJ with an R n of around 10 H. 

The origin of the symmetrical dip around zero voltage is 
not clear at present. A possible explanation may be an off-site 
Coulomb charging energy in the resonant tunneling process [8]. 

The dl/dV profiles of IEJ's having an Rn of around 10 ft 
or less differ considerably from those of higher-resistance junc- 
tions. Fig. 6 depicts the dl/dV profile at 4.2 K observed for a 
junction with an Rn of slightly larger than 10 ft. We can see dis- 
tinct fine structures in the profile below 15 mV, and also some 
anomaly around 30 mV. We confirmed that the structures, at 
least those below 15 mV, were reproducible among junctions, 
and were enhanced with decreasing Rn. We also noticed that the 
sharpness of the fine structures correlated with the I c value of 
individual junctions, i.e., when we compared two junctions with 
similar Rn values, the junction with the higher I c always exhib- 
ited more pronounced structures in its dl/dV profile. Another 
feature we found in our \ow-Rn junctions is that the differential 
conductance of junctions with an Rn of several ohms or higher 
increases as the voltage increases, while that of junctions with 
Rn of a few ohms shows the opposite behavior. 

The seemingly intricate experimental data mentioned above 
can be understood by assuming two kinds of current transport 
channels coexisting in the junctions. We think that one of them 
carries the Josephson current, and is also responsible for the 
weak bump-like structure in I-V characteristics in magnetic 
fields, the fine structures in dl/dV profiles, and the negative 
coefficient of dl/dV versus V in high bias regions. Another 
channel is a resistive one which gives rise to a positive curva- 
ture in dl/dV versus V characteristics. This channel has little 
effect on the Josephson current other than providing a shunting 
resistor within a junction. If we assume that the relative domi- 
nance of these two transport channels varies with process con- 
ditions, we can then systematically explain the wide variety of 
junction characteristics observed for our IEJ's. 

It has long been recognized that some superconducting mi- 
crobridges exhibit peculiar characteristics similar to those of 
the first transport channel in the IEJ's we described above [9]. 
Klapwijk, Blonder, and Tinkham first pointed out the impor- 
tance of the multiple Andreev reflection (MAR) process in such 
junctions, and demonstrated that the singularities in dlj dV pro- 
files below the gap voltage (subharmonic gap structure, SGS) 
as well as the excess current at high voltages were the conse- 
quences of the MAR process [10]. 
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The MAR process manifests itself most clearly as sin- 
gularities in dl/dV profiles at voltages V n = 2A/en, 
n = 1, 2, 3, . . ., where A is the superconducting gap of the 
junction electrodes. Unfortunately, the fine structures below 15 
mV in our junctions shown in Fig. 6 do not permit such simple 
labeling of the singularities. Moreover, in most cases, we were 
not able to find reproducible structures at higher voltages, 
though the junction shown in Fig. 6 exhibits an exceptionally 
weak anomaly around 30 mV. Similar deviation from the 
simple MAR model has been reported for the singularities in 
dl/dV profiles of ramp-edge junctions with a PrBaCuO barrier 
[1 1]. In this case, the absence of regular periodicity in SGS has 
been ascribed to the existence of a reduced-T c layer adjacent 
to the tunnel barrier. The presence of such reduced-T c layers 
was confirmed for our IEJ's through the temperature depen- 
dence of I c . According to the recent theoretical investigations, 
the proximity effect between the reduced-T c layer and the 
superconducting electrode also smears out the SGS singularity 
at V = 2A/e [12], [13]. All these facts seem to support the 
picture that the singularities in the dl/dV profiles of our IEJ's 
originate from the MAR process. 

It is natural to suppose that the resonant tunneling of quasi- 
particles via localized states in an insulative barrier, which 
is similar to that in high-resistance junctions, constitutes the 
resistive channel even in low-resistance junctions. We suppose 
that the tunneling region exists dispersively in the junction 
area without forming a continuous barrier in such junctions 
exhibiting the MAR process. The relative area occupied by the 
tunneling channel as well as the resonant tunneling probability 
of quasiparticles would vary with process conditions, resulting 
in a variation in Rn by a factor of 3-4 even for junctions with 
similar I c values. 

IV. Summary 

We have shown experimental evidence of two different trans- 
port channels in interface-engineered junctions, of which the 
relative dominance varies with the process conditions. We con- 
finned that elastic and inelastic tunneling via localized states 
embedded in an insulator dominate the quasiparticle transport 
injunctions with Rn far exceeding 10" 7 ftcm 2 , indicating that 
these junctions are essentially tunnel junctions. Although we do 
not have concrete evidence, it seems rational to think that direct 
tunneling of Cooper pairs through the barrier is responsible for 
the Josephson current in these junctions. 



The situation of junctions with a lower Rn is more compli- 
cated. We confirmed that these junctions exhibited a substan- 
tial amount of excess currents as well as peculiar singularities 
in their dl/dV profiles, indicating that MAR plays a signif- 
icant role. The presence of normal conducting or reduced-T c 
layers adjacent to the junction interface and parallel conduc- 
tion through tunneling paths similar to those in higher-i^n junc- 
tions was also inferred from experiments. These results indicate 
that IEJ's with a high J c and a low Rn, and thus of particular 
importance for SFQ circuit applications, are inhomogeneous in 
terms of their microscopic structures. At present, we do not have 
sufficient data to discuss to what extent this inherent inhomo- 
geneity in junction structure restricts the achievable minimum 
lor-spread in I c . Further detailed investigations are definitely 
required to answer this question. 
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